We have purified a plastidic phosphate transport protein f r o m maize endosperm membranes and cloned and sequenced the corresponding cDNAs from maize endosperm, , maize roots, cauliflower buds, tobacco leaves, and Arabidopsis leaves. All of these cDNAs exhibit high homology t a e a c h other but only -30% identity to the known chloroplast triose phosphate/phosphate translocators. The corresporrding genes are expressed in both photosynthetically active tissues and in nongreen tissues, although transcripts were more abundant in nongreen tissues. Expression of the coding region in transformed yeast cells and subsequent transport measurements of the purified recombinant translocator showed that the protein mediates transport of inorganic phosphate in exchange with C3 compounds phosphorylated at C-atom 2, particularly phosphoenolpyruvate, which is required inside the plastids for the synthesis of, for example, aromatic amino acids. This plastidic phosphate transporter is thus different in structure and function from the known triose phosphate/phosphate translocator. We prsp,ose that plastids contain various phosphate translocators with overlapping substrate specificities to ensure an effici6nt supplyiof plastids with a single substrate, even in the presence of other phosphorylated metabolites.
INTRODUCTION
The inner envelope membrane of chloroplasts is the site of different metabolite transporters that mediate the exchange of metabolites between the cytosol and the chloroplast stroma. The primary structures of three translocator proteins, which all function as antiporters, have been described to date. They are (1) the chloroplast triose phosphate/phosphate translocator (cTPT), which exports fixed photosynthetic carbon in the form of triose phosphates and 3-phosphoglycerate from the chloroplasts in exchange for inorganic phosphate (Flügge et al., 1989; Fischer et al., 1994a) , (2) a dicarboxylate translocator that imports 2-oxoglutarate in exchange for malate for nitrogen assimilatihn (Weber et al., 1995) , and (3) an ADP/ATP translocator that is present in both chloroplasts and nongreen plastids (Kampfenkel et al., 1995) .
The cTPT is almost exclusively expressed in photosynthetic tissues (Schulz et al., 1993; Flügge, 1995) . Nonphotosynthetic tissues obviously possess other kinds of plastidic phosphate translocators. Transport experiments performed with intact nongreen plastids from various plants as well as phosphate transport activities determined after reconstitution of homogenates from nongreen tissues into artificial membranes have shown that these plastids contain a phos-' The first two authors have contributed equally to this work.
2To whom correspondence should be addressed. E-mail uiflue@ biolan.uni-koehde; fax 49-221 -470-5039 . phate translocator(s) enabling the transport of hexose phosphates and/or phosphoenolpyruvate (PEP) (Borchert et al., 1993; Neuhaus et al., 1993; Flügge and Weber, 1994) . Nongreen plastids are usually not capable of generating hexose phosphates.from C3 compounds dueto the lack of fructose 1,6-bisphosphatase activity (Entwistle and apRees, 1988) ; hence, they depend on the provision of C6 sugars as precursors for starch biosynthesis.
In all types of plastids, it has been determined that PEP and/or pyruvate serve different functions, for example, as precursors for the biosynthesis of aromatic amino acids or fatty acids. Pyruvate, which may be derived from PEP, also serves as a precursor for the biosynthesis of the branched chain amino acids valine and leucine (Singh and Shaner, 1995) . Apart from plastids of lipid-storing tissues, most chloroplasts from, for example, pea, spinach, or Arabidopsis (Stitt and apRees, 1979; Schulze-Siebert et al., 1984; Bagge and Larsson, 1986; Van Der Straeten et al., 1991) and nonphotosynthetic plastids from, for example, pea roots (Borchert et al., 1993) or cauliflower buds (Journet and Douce, 1985) are unable to convert 3-phosphoglycerate into PEP via the glycolytic pathway. Therefore, these plastids rely on the supply with PEP from the cytosol. The route of PEP transport or generation of PEP inside the plastids, however, is not known. There are some hints that pyruvate orthophosphate dikinase (PPDK) may be involved in the conversion of pyruvate into PEP, particularly in developing seed of C 3 plants (Aoyagi and Bassham, 1984) .
In this study, we describe the molecular cloning and characterization of a phosphate translocator that is different from the known cTPT. It primarily transports PEP in exchange with inorganic phosphate.
RESULTS

Molecular Cloning of PEP/Phosphate Translocators from Different Plants
We chose maize kernels as the initial material for the isolation of plastidic phosphate translocators from nongreen tissues. The crude kernel homogenate was centrifuged at SOOOg for 10 min, and the resulting supernatant was subjected to sucrose density gradient centrifugation (see Methods) . The membrane fraction that exhibited phosphate transport activities (Flugge, 1992) was used for further separation and partial purification of phosphate transporters (Figure 1, lane 2) . After solubilization of membranes in the presence of the detergent n-dodecylmaltoside, we loaded the preparation onto a HiTrap Q anion exchange column. The fraction of membrane proteins that did not bind to this column was subjected to heparin-Sepharose CL-6B chro-1 2 3 (kD) Maize kernels were homogenized and subjected to differential centrifugation followed by sucrose gradient density centrifugation. The membrane fraction obtained at the 0%/18% interphase of the sucrose gradient was used for purification of the PPT. After solubilization, the membranes were subjected to HiTrap Q anion exchange chromatography, and the unbound fraction was chromatographed on a heparin-Sepharose CL-6B column (see Methods). Shown is the protein pattern obtained by SDS-PAGE of the initial material (lane 1), the membrane fraction obtained from the sucrose gradient (lane 2), and the fraction eluted from the column with 150 mM NaCI (lane 3). Molecular masses are indicated at left. matography. A protein fraction exhibiting phosphate transport activity in the reconstituted system was eluted at 150 mM NaCI (see Methods). This procedure resulted in an increase of specific phosphate transport activity (expressed as nanomoles per milligram of protein per minute) from 1.5 in the crude kernel homogenate and 12 in the membrane fraction of the sucrose density gradient to 170 in the eluate of the heparin-Sepharose CL-6B column. However, the final fraction contained four proteins with molecular masses of 55, 32, 31, and 18.5 kD (Figure 1, lane 3) . With the exception of the 18.5-kD protein, these proteins were excised from SDS-polyacrylamide gels and digested in situ with the endoproteinase Lys-C to gain information about the amino acid sequences of internal peptides.
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The peptide sequences were compared with entries in protein sequence data bases by using the Blastp program (Altschul et al., 1990) . The 55-and 32-kD proteins represented a homolog to elongation factors of protein biosynthesis and of a plastidic porin, respectively. The latter has been characterized recently from nongreen tissues (Fischer et al., 1994b) . The peptide obtained after enzymatic digestion of the 31-kD protein (Q31/Lys-C18; VAAADGAVEEAG), however, lacked any significant homology to known proteins.
On the basis of this sequence information, a degenerate oligonucleotide was synthesized and used to screen a cDNA library from maize endosperm. We obtained one positive clone with an insert size of ~500 bp (i.e., not full length). This clone was used to rescreen the cDNA library from maize endosperm as well as cDNA libraries from maize roots, cauliflower inflorescences, tobacco leaves, and Arabidopsis leaves. From each of these libraries, we obtained several independent clones that contained full-length cDNAs. From the maize root cDNA library, two different PEP/phosphate translocator (PPT) clones with a 92% identity were isolated (MzrPPTI and MzrPPT4; EMBL accession numbers U66403 and U66404, respectively), whereas in the maize endosperm cDNA library, only one type of clone was found that was identical to MzrPPT4. The sequence of the Lys-C peptide was present at the N terminus of the MzrPPT4 protein but was absent in the MzrPPTI protein. One cDNA clone isolated from a cauliflower inflorescence cDNA library was very similar in sequence to MzrPPTI and MzrPPT4 (Cauli-PPT3; EMBL accession number U13632). In addition, several identical clones were obtained that were homologous to the cTPT (Cauli-TPT1). These clones span a coding region of 1221 bp corresponding to 407 amino acid residues with a predicted molecular mass of 44.5 kD (EMBL accession number U13630). Screening of the cDNA library from tobacco leaves yielded three full-length clones (ToPPT8-10), two of which were identical (ToPPT9 and ToPPTIO), whereas ToPPTS and ToPPTIO were very similar (78% identical nucleotides) to each other (EMBL accession numbers U66401 and LJ66402, respectively). Three identical full-length clones were isolated from an Arabidopsis leaf cDNA library (AraPPT4, AraPPTB, and AraPPT12; EMBL accession number U66321).
Protein Comparisons
On the basis of sequence comparisons of phosphate transporter proteins from different plants, these translocators can be separated into two distinct groups, the cTPTs and the PPTs. Both types of transporters are highly hydrophobic, with overall polarity indices (Capaldi and Vanderkooi, 1972) of 33.1 to 34.9% (cTPTs) and 34.2 to 37.0% (PPTs) and high isoelectric points (9.6 to 10.3; data not shown). The hydrophobicity distribution analysis of the deduced amino acid sequences of the PPTs revealed six membrane-spanning regions for the monomeric proteins similar to the cTPT proteins (Fischer et al., 1994a) . Within each group of transporters, the proteins are highly homologous to each other Transit peptide (precursor proteins, 62 to 92%; mature proteins, 73 to 96%) . In contrast, members of the cTPT family and the PPT family contained only 30 to 32% (precursor proteins) and 34 to 37% (mature proteins) identical amino acids. Figure 2 shows an alignment of PPT amino acid sequences with those of cTPTs. A closer inspection of these different sequences revealed that sequence similarity between all cTPT and PPT proteins (50 to 95%) is restricted to five regions. Four of these regions reside in the putative membrane spanning segments (I, 111, V, and VI), whereas the region with the greatest similarity (95%) is located in an extramembrane loop. It is likely that these conserved regions are of particular relevance for substrate binding and transport activity. Interestingly, the cluster of two positively
Mature protein PPT sequences are from cauliflower (cw; Cauli-PPT3), Arabidopsis (aw; AraPPT12), tobacco (twl and tw2; ToPPTlO and ToPPT8), and maize (mwl and mw4; MzrPPTl and MzrPPT4) aligned with cTPT sequences from spinach Flijgge et al., 1989) , cauliflower (cg), and maize (zl; Fischer et al., 1994a) . ldentities of amino acids between the translocators are indicated by dots. Amino acids are numbered beginning with the first amino acid of the mature proteins. The processing sites of the PPT precursor proteins were not experimentally determined but deduced from sequence homologies to the cTPTs. In addition, the peptide Q31/Lys-C18 (underlined) derived from enzymatic digestion of the isolated protein from maize endosperm (MzrPPT4; mw4) should definitely be contained in the mature protein and is located near the N terminus. The location of the putative six membrane-spanning a-helices is indicated (I to VI). Five regions of high homology between all translocators are boxed.
Transport Characteristics of the PPT Proteins Data for the reconstituted spinach chloroplasts are from Flijgge et al. (1992) . The 100% exchange activity was 37 nmol mg-i of chlorophyll min-l. ND, not determined. charged residues in helix V (Lys-273, and Arg-274 of the spinach protein), which has been proposed to be involved in binding of the negatively charged phosphate group (Fischer et al., 1994a) , is conserved in all phosphate transport proteins. The C terminus, that is, the last 14 amino acids of all cTPT proteins, contains five or six positively charged residues and three successive glutamic acid residues. In contrast, the PPT proteins also possess five to six positive charges at the C terminus, but they lack the negatively charged tripeptide.
The length of the PPT precursor proteins and the mature proteins varies from 390 amino acids (maize) to 41 1 amino acids (tobacco) and from ~3 1 8 amino acids to 327 amino acids, respectively. This is in the range of the length of the cTPT proteins (precursor proteins, 402 to 409 amino acids; mature proteins, 324 to 330 amino acids; Fischer et al., 1994a ). The differences in length in both types of phosphate translocator proteins are due mainly to insertions within the presequence and at the N or C termini of the mature Droteins.
We showed earlierthat cTPT proteins can be expressed in yeast cells in a functional state (Loddenkotter et al., 1993; Fischer et al., 1994a) . The transport activities of the cTPTs were assessed after reconstitution of the recombinant transport proteins into artificial membranes. To study the transport characteristics of the PPT proteins, we fused the cDNA from the cauliflower PPT3 clone to a DNA fragment encoding an affinity tag of six consecutive histidine residues (His,-tag) and then subcloned the cDNA into the yeast expression vector pEVP11 (see Methods). The fusion protein produced by the yeast cells can be easily purified to apparent homogeneity by only one step, using metal-affinity chromatography, and can thus be used to study the transport characteristics in the reconstituted system (Loddenkotter et al., 1993) .
The substrate specificities of the purified PPT protein as well as of the recombinant cTPT were determined and are listed in Table 1 0.8 to 1.0 mM). For the cTPT, the apparent inhibition constants for those phosphates and 3-phosphoglycerate agree well with the K m (app) (phosphate) value but are six to 10 times higher for the PPT. Consequently, the exchange of both substrates that are well transported by the cTPT is only poorly mediated by the PPT. In contrast, PEP is accepted only by the PPT as an effective countersubstrate with a corresponding low K; value of 0.3 mM. The corresponding K, (PEP) value for the cTPT is approximately one order of magnitude higher (3.3 mM). Despite the fact that the K, (PEP) is only approximately three times higher than the corresponding K m (phosphate) value, it is likely that even at saturating PEP concentrations, the actual transport of PEP bound to the cTPT is low (Table 1) . 2-Phosphoglycerate is poorly accepted by the cTPT as a countersubstrate with a corresponding high K, value of 12.6 mM. Likewise, the K, (2-phosphoglycerate) value determined for the PPT is ~20 times higher (5.7 mM) than is the K, (PEP) and is thus within the same order of magnitude as the K t values for the poorly transported substrates triose phosphates and 3-phosphoglycerate. Despite the low affinity of the PPT toward 2-phosphoglycerate, this substrate is apparently equally well transported, as is PEP once it is bound to the PPT (Table 1) . However, under physiological conditions in which 2-phosphoglycerate has to compete with other phosphorylated intermediates for binding to the PPT, transport of 2-phosphoglycerate by the PPT might actually be negligible. Thus, the translocator protein represents a PPT with a high affinity for inorganic phosphate and PEP. In contrast, the cTPT catalyzes the counterexchange of phosphate and C3 compounds that are phosphorylated at C-atom 3. Both types of transporters strictly rely on the presence of an exchangeable substrate within the vesicles (i.e., they function as antiport systems) and are not capable of transporting hexosephosphates such as glucose 6-phosphate or glucose 1-phosphate.
Expression of cTPT and PPT Genes
For studies of organ-specific expression of the PPT and the cTPT, cauliflower and maize were chosen as model plants. For both plants, cDNAs coding for the cTPT and the PPT proteins are available. RNAs were isolated from leaves, roots, and inflorescences (cauliflower) of these plants and analyzed by RNA gel blotting by using the individual cDNAs as probes. As shown in Figure 3 and as demonstrated earlier (Schulz et al., 1993; Fliigge, 1995) , the cTPT is expressed only in leaves and, to a lower extent, also in cauliflower inflorescences but not in roots of C 3 and C 4 plants; that is, the expression of the cTPT genes is linked to the photosynthetic carbon metabolism. In contrast, the PPT-specific transcripts can be detected in both leaves and roots. Moreover, the expression level of the PPT was appreciably higher in roots from both plants compared with leaves Fifteen micrograms of total RNA isolated from leaves and roots of cauliflower and maize and from cauliflower inflorescences was hybridized with the respective cTPT and PPT cDNA probes from both plants (cauliflower TPT1 and PPT3, respectively, and maize TPTmb2 [Fischer et al., 1994a] and MzrPPTI, respectively) after gel electrophoresis and subsequent transfer of the RNA to nylon membranes. The hybridization conditions are given in Methods. Filters were exposed for 4 hr (cTPT probes) or 4 days (PPT probes). L, leaves; R, roots; I, cauliflower inflorescences.
or cauliflower inflorescences. The abundance of the PPTspecific transcript in leaves is lower by at least one order of magnitude than is the cTPT-specific transcript (note the different exposure times for the cTPT and PPT probes). Thus, the cTPT gene is expressed only in photosynthetically active tissues, whereas the PPT is expressed in both tissue types but preferentially in nongreen tissues.
Import of PPT and cTPT Proteins into Nongreen Plastids
To study the import of the PPT protein into plastids, we added the PPT protein synthesized in vitro to nongreen plastids from cauliflower buds. Subsequently, the envelope fractions were isolated from the import assays and analyzed by SDS-PAGE and fluorography. For comparison, protein import of the cTPT into nongreen plastids was also assessed. Figure 4 shows data of the import of the PPT and the cTPT into nongreen plastids. If import experiments of the PPT protein were performed at 0°C, binding of the precursor protein to the plastids was observed ( Figure 4A , lane 2), but there was only a very inefficient import, even in the presence of externally added ATP ( Figure 4A , lane 3). Any bound protein was digested by the externally added protease thermolysin ( Figure 4A, lane 4) . A temperature shift to 25°C resulted in an enhanced binding ( Figure 4A , lane 5) and, in the presence of ATP, in an efficient import and processing of the precursor protein ( Figure 4A , lane 6). The processed PPT protein was inserted into the plastidic envelope membrane in a protease-resistant manner, as revealed by Figure 4A , lane 7). If the plastids were pretreated with protease, binding and import were strongly suppressed, indicating that proteinaceous receptors are required for the binding process ( Figure 4A, lane 8) .
Under identical experimental conditions, the cTPT was imported into the nongreen plastids. The import also depended on the temperature and ATP supply and resulted in a protease-resistant insertion of the protein into the membranes ( Figure 4B ). The characteristics for the import of the PPT from cauliflower inflorescences into chloroplasts were similar to those already shown for the cTPT (Flugge et al., 1989; Fischer et al., 1994a) ; however, the efficiency of the insertion of the PPT into the chloroplast envelope membrane was lower compared with that of the cTPT (data not shown). In summary, both phosphate translocators can be imported into both types of plastids, albeit with different efficiencies.
DISCUSSION
We showed earlier that reconstituted tissue homogenates of maize kernels are capable of transporting inorganic phosphate efficiently in exchange with PEP and/or glucose 6-phosphate (Flugge, 1995) . These transport activities are most probably confined to nongreen plastids in the endosperm. One approach to enrich or purify envelope proteins of this tissue would have been to start with isolated plastids. However, for maize, the isolation of intact amyloplasts is restricted to only a few days after pollination (Neuhaus et al., 1993) and thus would hardly allow the preparation of sufficient amounts of envelope membranes for further purification of individual membrane proteins.
We chose another approach starting with a crude membrane fraction obtained by homogenization of frozen maize kernels and subsequent sucrose density centrifugation. This procedure allowed us to clone phosphate translocators, that is, PPTs that exhibit a different molecular structure and transport characteristics compared with the cTPTs. Despite the fact that the PPT protein was identified starting from a crude membrane fraction, several lines of evidence suggest that the PPT is of plastidic origin: (1) the PPT precursor protein possesses a typical plastidic N-terminal sequence that directs the adjacent protein correctly into the respective membranes; (2) there is a low but significant identity of the mature PPTs compared with the mature cTPTs (^35%; Figure 2) ; and (3) plastids are the only plant organelles known in which metabolism of PEP occurs.
The PPT-specific transcripts are present in both green and nongreen tissues, whereas expression of the cTPT gene is restricted to photosynthetic active tissues. In agreement with the expression of the PPT gene in both types of tissues, the in vitro-synthesized precursor proteins are correctly targeted to and inserted into envelope membranes of both nongreen plastids and chloroplasts.
We produced the histidine-tagged PPT protein in yeast cells and purified the protein by metal-affinity chromatography to apparent homogeneity. This enabled us to study in more detail the transport characteristics of the PPT in comparison to the cTPT. The PPT protein transports inorganic phosphate preferentially (and under physiological conditions, probably exclusively) in exchange with PEP. Those phosphates and 3-phosphoglycerate, which are the only countersubstrates for the purified cTPT, are only poorly transported. This suggests that the different primary structures of both phosphate translocator proteins may reflect different transport activities.
With the identification of a phosphate translocator specific for PEP, we asked what physiological role it might have in nongreen plastids as well as in C 3 chloroplasts. It is well documented that PEP, together with erythrose 4-phosphate, acts as a precursor as well as an intermediate substrate for the biosynthesis of aromatic amino acids via the shikimate pathway. The subcellular location of this pathway has been a matter of debate for a long time. However, the presence of N-terminal plastidic presequences substantiates the assumption that all enzymes of the shikimate pathway are located inside the plastids (reviewed in Schmid and Amrhein, 1995) . Moreover, the aromatic compounds synthesized from PEP are not only constituents of proteins but are also utilized as precursors for the quantitatively more important biosynthesis of a large number of secondary metabolites, for example, alkaloids, flavonoids, and lignin. Severa1 of these substances are important in plant defense mechanisms and stress responses (reviewed in Herrmann, 1995) . It is a matter of debate whether PEP can be generated inside the plastids or whether it has to be imported from the cytosol.
Apparently, most plastids, including those from cauliflower buds, lack the complete set of glycolytic enzymes for the conversion of hexose phosphates and/or triose phosphates into PEP, although the amount of these enzymes may depend on the type of plastids and on the developmental stage of the tissue (Stitt and apRees, 1979; Dennis and Miernyk, 1982; Schulze-Siebert et al., 1984; Journet and Douce, 1985; Van Der Straeten et al., 1991 ; Miernyk and Dennis, 1992; Borchert et al., 1993) . Due to the absence (or low activities) of phosphoglycerate mutase and/or enolase, glycolysis cannot proceed further than to 3-phosphoglycerate. Hence, plastids might depend on the supply of externally produced PEP (Schulze-Siebert et al., 1984; Bagge and Larsson, 1986) . This fact has been overlooked to date, or it has been assumed that the transport of PEP into chloroplasts is facilitated by the cTPT. This, however, appears unlikely because the cTPT is almost unable to transport PEP (Fliege et al., 1978;  Tables 1 and 2 ). Moreover, under physiological conditions, PEP has to compete with millimolar concentrations of cytosolic inorganic phosphate, triose phosphates, and 3-phosphoglycerate for binding to the translocator. The actual rate of PEP transport into chloroplasts catalyzed by the cTPT in vivo will be negligible. Hence, bypassing the cTPT is the most likely alternative for an efficient provision of the chloroplasts with PEP.
For heterotrophic tissues, it has been shown that nongreen plastids, for example, pea root plastids, possess phosphate translocator activities that enable the transport of inorganic phosphate, 3-phosphoglycerate, and triose phosphates as well as of PEP, 2-phosphoglycerate, and hexose phosphate (Heldt et al., 1991; Borchert et al., 1993) . However, if the transport of all of these metabolites is mediated by a single phosphate translocator, this transport protein would have to cope with the transport of an individual intermediate, for example, PEP, in the presence of the whole variety of competing intermediates. As outlined above, an efficient transport of PEP, for example, appears unlikely under these conditions. Instead, we propose that plastids contain a set of phosphate translocators with different structures but overlapping substrate specificities. Such a system would be efficient enough to catalyze the uptake of individual phosphorylated substrates even in the presence of high concentrations of other phosphorylated metabolites, which would otherwise compete for the binding site of a single phosphate translocator protein. Thus, this proposal would contribute to and is likely to reflect the flexibility of plant metabolism.
Obviously, the PPT protein is also present in chloroplasts or at least in a subtype of plastids that is present in preparations of mesophyll chloroplasts. Reconstitution of chloroplasts (Table 1) or of chloroplast envelope membranes (Loddenkotter et al., 1993) always shows a low but significant transport of PEP (and 2-phosphoglycerate) that cannot be attributed to the activity of the cTPT because this transporter is almost unable to transport these metabolites. The PPT probably provides the chloroplast stroma with PEP derived from glycolysis as a precursor for the shikimate pathway. Because inorganic phosphate is the counterion for both the cTPT and the PPT, the combined action of both translocators would result in an exchange of triose phosphate with PEP without net phosphate transport. In heterotrophic tissues and in darkened leaves, erythrose 4-phosphate and triose phosphates can be provided by the oxidative pentose phosphate pathway inside the plastids. Triose phosphates as end products of this pathway could be exported from the plastids and converted into PEP, which subsequently might be imported via the PPT into the plastids.
We suggest additional roles for the PPT protein in plant metabolism. First, plastids are also the site of fatty acid biosynthesis, which requires acetyl-COA as a carbon source (reviewed in Harwood, 1988) . In isolated plastids, fatty acid biosynthesis can be driven by externally added acetate andf or pyruvate (Liedvogel and Bauerle, 1986) . Plastidic acetyl-COA can be formed subsequently either by the action of acetyl-COA synthetase or via the plastidic pyruvate dehydrogenase complex. It is feasible that in those plastids missing glycolytic sequences from 3-phosphoglycerate to pyruvate, PEP might be imported into the organelles via the PPT. Pyruvate kinase could then convert PEP into pyruvate, which subsequently is shuttled into fatty acid biosynthesis.
Second, it has been shown that nonphotosynthetic plastids, for example, pea root plastids, daffodil chromoplasts, or castor bean leucoplasts, can utilize PEP via the action of pyruvate kinase in place of exogenous ATP (but not nearly as well) to support fatty acid biosynthesis (Kleinig and Liedvogel, 1980; Boyle et al., 1990; Qui et al., 1994) . In nongreen plastids or chloroplasts in the dark in which PEP might be utilized as an alternative source for ATP, the PPT can mediate the transport of this metabolite. Furthermore, in the endosperm of developing seed of C3 cereals, the combined action of PPDK and PEP carboxylase might be involved in the recapture of C 0 2 lost by respiration and/or in the provision of seed reserve material. If PPDK is located inside the plastids (as has been demonstrated for chloroplasts of C3 plants; Schnabl, 1981) , the PPT might serve as an interface between the plastidic and the cytosolic compartment. The possible involvement of the PPT in the chloroplastic metabolism of PEP is summarized in Figure 5 . The combined action of the TPT and the PPT results in the supply of the organelle with PEP generated from photosynthetically fixed carbon. DAHP, 3-deoxy-~-arabino-heptulosonate 7-phosphate; Ery4P, erythrose 4-phospate; FruGP, fructose 6-phosphate; P,, inorganic phosphate; 3-PGA, 3-phosphoglycerate; RuBP, ribulose-1 , 5-bisphosphate; TrioseP, triose phosphates.
Thus, it appears that the PPT described in this study is an important link between metabolism in both the cytosol and the plastidic stroma. Work to elucidate the physiological function of the PPT in more detail, for example, by studying plant metabolism in transgenic plants with an altered activity of the PPT, is in progress. -_.----_
METHODS
Cloning and Sequencing Procedures
Radiochemicals were purchased from Amersham-Buchler (Braunschweig, Germany). Reagents and enzymes for recombinant DNA techniques were obtained from Boehringer Mannheim. The cDNA libraries from maize roots and Arabidopsis thaliana leaves were obtained from Clontech (Palo Alto, CA). The cDNA library from tobacco leaves was kindly provided by U. Sonnewald (Institut für Pflanzengenetik und Kulturpflanzenforschung, Gatersleben, Germany), and the yeast expression vector pEVPl1 was provided by N. Sauer (University of Erlangen, Erlangen, Germany). Maize, tobacco, and Arabidopsis plants were grown in the greenhouse, and cauliflower inflorescences were obtained from the local market. lsolation of poly(A)+ RNA from cauliflower inflorescences and maize endosperm, the subsequent syntheses of cDNAs that were cloned into XgtlO, and recombinant DNA techniques were performed according to standard procedures (Ausubel et al., 1994) . RNA gel blot hybridizations were performed at 65°C in a buffer containing 6 X SSC (1 X SSC is 0.15 M NaCI, 0.015 M sodium citrate, pH 7.0), 3 X Denhardt's solution ( Sixty grams of maize kernels that were harvested 14 days after pollination was ground in liquid nitrogen until the tissue was finely powdered. One hundred milliliters of extraction buffer (100 mM Tricine-KOH, pH 8.0,50 mM EDTA, 6 mM ascorbate, 0.1 % BSA [w/v], 4 mM DTT, 1 mM phenylmethylsulfonyl fluoride) and, after thawing on ice, 120 mL of buffer A (10 mM Tricine-KOH, pH 7.8, 0.6 mM MgCI,, 1 mM phenylmethylsulfonyl fluoride) were added. The suspension was filtered through three layers of muslin and centrifuged for 10 min at 50009. The supernatant (20 mL per tube) was layered on top of a sucrose gradient (7.5 mL of 30% sucrose [w/v] in buffer B [50 mM Tricine-KOH, pH 7.8, 3 mM MgCI,, 1 mM phenylmethylsulfonyl fluoride] and 8.5 mL of 18% sucrose [w/v] in buffer B) and centrifuged for 1 hr at 78,0009. The interphase (0%/18% sucrose) was removed, diluted with buffer A, and washed once (40 min at 120,OOOg). The sediment was resuspended in buffer A containing 1.2 M NaCI, washed twice in buffer A (15 min at 145,00Og), and stored at -80°C until use.
Ten milligrams of the membranes isolated from maize kernels was suspended in 2 mL of buffer C (10 mM Tricine-KOH, pH 7.5, 0.2% n-dodecylmaltoside, and 1 mM phenylmethylsulfonyl fluoride) and solubilized by the addition of 0.5 mL of 20% n-dodecylmaltoside. After 2 min on ice, the suspension was diluted by the addition of two volumes of buffer C and centrifuged for 3 min at 27,OOOg. The supernatant was applied to a HiTrap Q column (5 mL; Pharmacia) that had been equilibrated with buffer C. The pass-through of the column containing most of the phosphate transport activity, as measured by reconstitution of the various fractions into artificial membranes (Flügge, 1992) , was subjected to chromatography on a heparinSepharose CL-6B column (0.5 mL; Pharmacia) equilibrated with buffer C. The column was washed first with buffer C (2 mL) and then with buffer C containing 50 mM NaCI. Elution of the phosphate transport activity was performed with 150 mM NaCl in buffer C. This eluate was subjected to SDS-PAGE (Laemmli, 1970) , and the protein bands (55, 32, and 31 kD) were excised from the Coomassie Brilliant Blue R 250-stained gel and digested with endoproteinase Lys-C while still in the polyacrylamide matrix. The resulting peptides were eluted and then purified by reversed-phase HPLC (Eckerskorn and Lottspeich, 1989) and sequenced in a gas phase sequencer (Eckerskorn et al., 1988) . A degenerate oligonucleotide probe was designed on the basis of a peptide sequence obtained from the 31-kD protein (VAAADGAVEEAG): 5'-d(GTIGCIGCIGCIGAYGGIG-CIGTIGARGARGCIGG)-3', where R is A or G, Y is C or T, and I is inosine. The y-32P-labeled oligonucleotide was then used for plaque hybridization screening (Benton and Davis, 1977 ) of a cDNA library from maize endosperm (see above) in AgtlO.
Prehybridization was performed for 3 hr at 37°C in a buffer containing 6 x SSC, 5 x Denhardt's solution, 0.05% (w/v) tetrasodium diphosphate, 0.5% (w/v) SDS, and 100 pg mL-' denatured salmon sperm DNA. Hybridization was performed for 20 hr at 28°C in a buffer containing 6 x SSC, 1 X Denhardt's solution, 0.05% (w/v) tetrasodium diphosphate, 0.1% (w/v) SDS, and 100 pg mL-' yeast tRNA. The filters subsequently were washed in a buffer containing 6 X SSC and 0.05% (w/v) tetrasodium diphosphate (30 min at 22°C) and then in a buffer containing 3 x SSC and 0.05% (wh) tetrasodium diphosphate (15 min at 22°C and then 15 min at 34°C).
We obtained one positive clone containing the oligonucleotide sequence that had been used for the hybridization screening procedure. The insert of this clone was then used for a plaque hybridization screening of cDNA libraries from maize endosperm, maize roots, tobacco leaves, cauliflower inflorescences, and Arabidopsis leaves. Positive plaques were purified, and the inserts were excised and subcloned into the pBluescript KS+ (Stratagene, La Jolla, CA) for partia1 sequencing at both ends (Sanger et al., 1977) . Full-length cDNAs were sequenced completely on both strands.
Heterologous Expression of the Phosphoenolpyruvatel Phosphate Translocator in Yeast Cells
The DNA encoding only the mature part of the phosphoenolpyruvate (PEP)/phosphate translocator (PPT) from cauliflower (Cauli-PPT) was obtained by digestion of the Cauli-PPT3 cDNA with Pstl and Sspl. After a fill-in reaction, the DNA fragment was cloned into the blunted BamHl site of the Escherichia coli expression vector pQE32 (Qiagen, Hilden, Germany), resulting in clone pQE-PPT3. This clone contained an affinity tag of six consecutive histidine residues (His6-tag) fused in frame to the N terminus of the mature part of the Cauli-PPT protein. This construct was released by digestion with EcoRI, filled in, and subsequently digested with Hindlll. The DNA fragment was ligated into the blunted Sacl-Hindlll-cut yeast expression vector pEVPl1 (Russel and Nurse, 1986) containing the Saccharomyces cerevisiae LEU2+ gene downstream of the alcohol dehydrogenase promotor of Schizosaccharomyces pombe. Transformation of cells from S. pombe, fractionation of the cells, purification of the expressed protein on Niz+-nitrilotriacetic acid-agarose (Qiagen), and reconstitution of the transport activity were performed essentially as described by Loddenkotter et al. (1993) and Fischer et al. (1994a) .
